Key Words vibrational spectroscopy, nonlinear optics, hydrogen bonding, water s Abstract Significant advances toward understanding the structure of aqueous surfaces on a molecular level have been made in recent years. This review focuses on the recent contributions of surface vibrational sum frequency spectroscopy (VSFS) to this field of study. An overview of recent VSFS studies of the molecular structure and orientation of molecules at the vapor-water interface and the interface between water and an immiscible organic liquid is presented, with particular emphasis on studies that compare the molecular properties and adsorbate behavior at these two different but related interfaces. This discussion is preceded by a general introduction to VSFS studies at aqueous surfaces and a description of the fundamental principles underlying the technique.
INTRODUCTION
Aqueous surfaces are central to our existence on this planet. The water-vapor interface provides a template for many reactive processes in the atmosphere and aqueous surfaces on the earth. Protein folding, membrane formation, and micellar assembly are a few of the many processes for which the interaction of water with a hydrophobic macromolecular surface is key. Ion or solute transport across a waterhydrophobic liquid interface relies upon the differing interactions between the transferring species and the water and organic solvent molecules in the interfacial region. Our understanding of interactions at water surfaces has largely been derived from theoretical efforts in the past several decades (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . This is particularly true for buried liquid interfaces such as the junction between two immiscible liquids or water-hydrating macromolecule and organic molecular assemblies (13) (14) (15) (16) (17) (18) (19) (20) (21) . Recent advances in experimental methods that can probe aqueous surfaces with molecular specificity have made possible the first direct measurements of the molecular properties of water surfaces (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . These studies demonstrate the unique properties of liquid surfaces relative to solid surfaces. They also illustrate the complex interactions that are present at these interfaces, interactions that will require a combination of advanced experimental and theoretical approaches to 0066-426X/01/0601-0357$14.00 understand. However, the challenge is worth pursuing with vigor, given the key role that these surfaces play in chemical, physical, and biological processes.
One particularly promising method for studying liquid surfaces and interfaces is vibrational sum frequency spectroscopy (VSFS). This review provides an overview of some of the recent studies in which VSFS has been used to measure the molecular properties of vapor-water and organic-liquid-water interfaces. The review begins with a description of VSFS, including examples of optical systems used for VSFS measurements. Information gained from selected studies in this field is then described, beginning with studies on the structure and hydrogen bonding of interfacial water molecules. This is followed by a summary of studies that examine how interfacial water is perturbed by the presence of surfactants and adsorbates. The remaining portion of the review focuses on studies of adsorbate structure and conformation measured at both types of interfaces. This review places particular emphasis on recent findings concerning the similarities and differences in the behavior of molecules at aqueous vapor-liquid and aqueous liquid/hydrophobic liquid interfaces. The comparison provides some fascinating new insights about differences in hydrogen bonding of water and the assembly of monolayers at these two interfaces.
VIBRATIONAL SUM FREQUENCY SPECTROSCOPY

Theoretical Considerations
VSFS is a second-order nonlinear optical process that directly measures the vibrational spectrum of molecules at an interface. Pioneered by Shen in the mid 1980s (39) , this technique is uniquely suited for surface studies because of its inherent surface sensitivity. Under the dipole approximation, this second-order process is forbidden in media that possess inversion symmetry (40, 41) . At the interface between two centrosymmetric media there is no inversion center and thus vibrational sum frequency (VSF) is allowed in the interfacial region. Consequently, the asymmetric nature of interfaces allows a regional selectivity to interfacial properties on a molecular level that is not inherent to other linear surface vibrational spectroscopies.
In a VSFS experiment, a visible laser beam and a tunable IR laser beam are coincident at the interface. The energy range of the tunable IR laser is chosen to overlap with the energies of vibrational modes of molecules present at the interface. By scanning the energy of the IR laser and monitoring the generated sum frequency (SF) signal, a vibrational spectrum of the interfacial molecules can be measured. The VSFS intensity is proportional to the square of the surface nonlinear susceptibility χ s (2) (ω sfg = ω νis + ω ir ) as
I νis I ir , 1.
where P sfg is the nonlinear polarization at ω sfg ; χ NR and χ R ν are the nonresonant and resonant parts of χ s (2) , respectively; γ ν is the relative phase of the νth vibrational mode; and I νis and I ir are the visible and IR intensities, respectively. Because the susceptibility is generally complex, the resonant terms in the summation are associated with a relative phase γ ν , which is used to account for any interference between two modes that overlap in energy. χ (2) R ν is also proportional to the number density of molecules, N, and the orientationally averaged molecular hyperpolarizability, β ν , as follows:
Thus the square root of the measured SF intensity is proportional to the number density of molecules at the surface or interface. The molecular hyperpolarizability, β ν , is enhanced when the frequency of the IR field is resonant with a SF-active vibrational mode of a molecule at the surface or interface. This enhancement in β ν leads to an enhancement in the nonlinear susceptibility χ (2) R ν , which can be expressed as
where A ν is the intensity of the νth mode and is proportional to the product of the Raman and IR transition moments, ω ν is the resonant frequency, and ν is the line width of the transition. Because the intensity term, A ν , is proportional to both the IR and Raman transition moments, only vibrational modes that are both IR and Raman active will be SF active. Molecules or vibrational modes that possess an inversion center will not be SF active. The surface susceptibility χ s (2) in general is a 27-element tensor. It can often be reduced to several nonvanishing elements by invoking symmetry constraints. Liquid surfaces and interfaces of liquid surfaces are isotropic in the plane of the surface. The symmetry constraints for an in-plane isotropic surface (C ∞v ) reduce χ s (2) down to the following four independent nonzero elements:
where z is the direction normal to the surface. These four independent elements contribute to the VSFS signal under the four different polarization conditions, SSP, SPS, PSS, and PPP (explained below), which are listed in the order of decreasing frequency (SF, Vis, IR). Light polarized parallel to the incident plane is referred to as P polarization, whereas light polarized perpendicular to the incident plane is S polarized. Which vibrational modes contribute to a particular polarization combination depends on the polarization of the IR field and the direction of the IR and Raman transition moments. The SSP polarization combination accesses vibrational modes with dipole transition moments that have components perpendicular to the surface plane. SPS and PSS polarization combinations access modes that have transition moments with components parallel to the surface plane. The intensity under PPP polarization conditions contains contributions from all of the tensor elements. Thus vibrational modes with components that are both perpendicular and parallel to the surface plane will be present in PPP-polarized VSFS spectra. SSP polarization has been used in most studies to date. PSS polarization has been used less frequently because of low signal levels for most liquid surfaces. Studies conducted with SSP, SPS, and PPP have been very useful in verifying peak assignments and orientation in VSFS (38) .
Experimental Considerations
As mentioned above, VSFS involves overlapping two pulsed laser beams at the surface, one of fixed frequency in the visible and another of variable frequency in the IR spectrum. The SF process at liquid surfaces is very weak, so pulsed lasers are necessary to attain detectable SF signals. Because the SF signal increases with peak intensity, shorter pulses (i.e. picosecond or femtosecond) are optimal, although shorter pulses translate into broader IR bandwidths. Nanosecond lasers are often easier to operate and have narrower bandwidths but can lead to unwanted heating unless an optical coupling scheme such as total internal reflection (TIR) (38) or other mechanisms such as rotation of the sample (29) are used. Most VSF studies to date have focused in IR regions where nanosecond and picosecond lasers operate with the highest power densities, for example, in the 3-µm region. IR light has been produced by a number of optical parametric processes, such as generation (OPG), oscillation (OPO), and amplification (OPA) (38, 42) as well as difference frequency mixing (43) and stimulated Raman scattering (44) . In our laboratory we use both nanosecond and picosecond systems. The nanosecond systems are used primarily for liquid-liquid studies with the light coupled to the interface in a TIR geometry to attain sensitivity levels comparable to picosecond laser studies (38) . For such TIR studies, the incident beams are sent through the higher-index medium at the critical angle for each particular beam. The VSF response is collected in reflection at the corresponding critical angle for the SF signal. The enhancement in the SF response using this TIR geometry is several orders of magnitude higher than that obtained using an external reflection geometry. The nanosecond system relies upon the 1064-nm output of an injection-seeded neodymium: yttrium/aluminum/garnet laser to pump a potassium titanyl phosphate (KTP) OPO/OPA assembly. This system produces tunable IR from 2.5 µm (4000 cm ), with usable energies ranging from 4 mJ to 1 mJ at the two respective limits. It also operates at 1 cm −1 resolution and has a variable repetition rate (1-100 Hz). For air-liquid studies, a picosecond laser is used (42) . This picosecond system produces 800-nm light (kilohertz repetition rate, 2 ps, 1.6 W) with a titanium:sapphire (Coherent Mira) passively mode-locked laser pumped with 5.5 W of 532-nm laser light from a Coherent Verdi laser. The 800-nm light used is temporally stretched, amplified with a Quantronix regenerative amplifier and double-pass titanium:sapphire amplifier, and recompressed. The IR light (2700-4000 cm −1 ) is produced via a home-built optical parametric amplifier pumped by the 800-nm light. This amplifier consists of two angle-tuned KTP crystals. Recent changes to this system over previous work (45) include the incorporation of a 2-cm-long MgO:LiNbO 3 crystal that is used as the optical parametric generator (OPG) from which the resultant 1-to 1.2-µm wavelengths are used to seed the KTP crystal. A grating for the selection of the seed wavelength is used. The IR light is generated by seeding the first KTP crystal and then amplifying it through the second KTP crystal. For the air-water studies, both beams are passed though a closed cell to minimize contamination. This system is currently being upgraded to produce IR as low as 8 µm.
Other variations on the traditional means of acquiring SF spectra in a scanning IR mode have recently appeared, both using femtosecond pulses. McGuire et al (46) have demonstrated a Fourier-transform spectroscopic technique based on VSFS. This method results in nearly unlimited spectral resolution and is based on Fourier transform of an SF-upconverted interferogram of an IR-induced polarization on the surface of the sample. Another method capitalizes on the variation of the SF exit angle with frequency, with the SF signal collected by different elements of a multielement detector (47) . Here, the spectral resolution depends on the beam divergence. The third method simply disperses the broadband SF signal that is generated by femtosecond IR and narrow-band visible pulses by a monochromator and records the signal on a CCD camera (48) .
HYDROGEN BONDING OF INTERFACIAL WATER
The unique properties of water surfaces have fascinated scientists for centuries. Strong hydrogen bonding between water molecules at a water surface is generally recognized to be responsible for the anomalously high surface tension present at the vapor/water interface (3). This section summarizes VSF measurements of the structure and hydrogen bonding of water molecules at both the vapor-water and organic-matter-water interfaces and discusses differences found in the behavior of water at these two interfaces. The summary includes recent developments in analysis of VSF spectral data of water. Results of a series of papers that have investigated the effect of different charged surfactants on the hydrogen bonding of water at both interfaces are also summarized. The section concludes with a description of vapor-water studies that are pertinent to important environmental issues.
Vibrational Sum Frequency Spectrum of the Vapor-Water Interface
The vibrational spectrum of water is of particular interest because hydrogen bond interactions are highly sensitive to the local molecular environment (3, (49) (50) (51) (52) (53) . The vibrational spectrum of water therefore provides a sensitive probe of the structure and energetics of the hydrogen bond network at the water interface. The sensitivity of VSFS to surface water vibrational modes is accompanied by a complexity in Figure 1 Vibrational sum frequency spectrum of the vapor/water interface using SSP polarization. A picosecond laser system described in the text was used. From LF Scatena & GL Richmond, submitted manuscript. spectral interpretation that is only beginning to be explored by researchers in depth, owing to the variety of environments of the interfacial water molecules and various degrees of hydrogren bonding. This difficulty in interpretation is not unique to surface vibrational spectroscopy but has been a major point of controversy over past decades in the interpretation of bulk water spectra (52-54).
Du et al (55) reported the first VSF spectrum of the vapor-water interface. Figure 1 shows the VSF spectrum from this interface that was obtained in this laboratory (56, 57) . The data have been taken with SSP polarization, which accesses vibrational modes that have components of their transition dipole in the plane perpendicular to the interface. The experiments were conducted in a purged cell as well as under ambient conditions. The spectra give identical results as long as the ambient experiments are conducted in such a way as to minimize any contamination problems. The 2-ps titanium:sapphire-based system described above was used. The spectrum shares the general features of earlier work of Du et al (55) . Assignment of spectral features in this spectrum relies heavily on IR and Raman assignments of OH stretching modes taken from bulk water measurements. The surface water spectrum has the general shape of an isotropic Raman bulk water OH spectrum, yet there are important differences. Consistent with Raman and IR pH data and cluster studies, the VSF intensity in the 2900 cm −1 region is attributed to the very strong symmetric hydrogen bonding found in various water cluster distributions (58) . Cationic and anionic water species that tend to partition to an aqueous surface could also be contributing to this intensity (59, 60) . The broad band from ∼3000 to 3600 cm −1 is assigned to the large distribution of OH hydrogen-bonding stretching modes in which the oxygen is tetrahedrally coordinated (49, (61) (62) (63) (64) . The energy region from ∼3000 to 3250 cm −1 is attributed to strong intermolecular in-phase hydrogen bonds of water molecules that give rise to a highly correlated hydrogen-bonding network. This region is dominated by a continuum of OH symmetric stretches, ν 1 . The higher-energy broadband region (∼3250 to 3500 cm −1 ) is assigned to more weakly correlated hydrogen-bonded stretching modes of molecular water that encompass both ν 1 (OH symmetric stretch) and, to a lesser extent, ν 3 (OH asymmetric stretch) vibrational modes. The distinct peak at 3702 cm
is assigned to the dangling OH bond of interfacial water molecules that straddle the interface. This bond projects into the vapor phase. The relatively high energy of this mode reflects its intramolecular uncoupling with the other OH bond in the molecule, the donor bond. The donor bond is expected to appear at lower energies owing to its interactions in the surface plane with other interfacial water molecules. Interactions with the free OH bond mode are largely through the oxygen atom. Spectral corrections for the dispersion in the Fresnel coefficients and normalization in the SF response for a nonresonant substrate are not shown. When these corrections are made, there is minimal change in the spectrum except to enhance the intensity of the free OH mode relative to the broad hydrogen-bonded peaks. Schnitzer et al (65), Simonelli et al (66) , and Schnitzer et al (67) have made similar measurements of the air/water spectrum using a nanosecond system rather than the picosecond laser systems used in the work by Allen et al (68) and Du et al (22) . Schnitzer et al and Simonelli et al observed the free OH peak and a broad distribution of OH modes in the 3000-3500 cm −1 region, but their spectra also show an intensity drop to nearly zero around 3200 cm −1 (65) (66) (67) . Overall, the vapor-water interfaces suggest very strong hydrogen bonding at the surface. The strong intensity in the lower-energy region is consistent with a highly coordinated water structure, often referred to as "icelike" hydrogen bonding between water molecules because intensity in the 3200 cm −1 region is characteristic of IR peaks found in bulk ice. IR absorption in the 3400 cm −1 region of the spectrum is more characteristic of liquid water. Du et al (69) estimate that ∼20% of surface water molecules have one free OH projecting into the vapor phase.
Water Hydrogen Bonding at the Organic-Liquid/ Water Interface
The interfacial tension of an organic-liquid/water interface is known to decrease with the increased polarity of the organic phase until both phases are miscible. Most of what is known on a molecular level about water structure next to a hydrophobic fluid or solid surface has come from theoretical efforts (13) (14) (15) (16) (17) (18) (19) (20) (21) . The difficulty in accessing this interface with a technique that can selectively probe interfacial water is the reason that so few experimental studies have been conducted. Nearly all studies to date have used VSFS and, of these, most have been conducted at the CCl 4 /H 2 O interface (70-74).
The CCl 4 /H 2 O system has some attractive features that make it a model system for understanding the hydrogen bonding of water near a hydrophobic liquid. In addition to being largely immiscible in water, it has an interfacial tension (48 mN m −2 ) similar to alkane/water (∼51 mN m −2 for C 6 -C 8 ). CCl 4 has a electric dipole polarizability that is nearly identical to alkanes such as n-hexane but does not have CH stretch vibrational modes that energetically overlap and complicate the spectral interpretation of the OH water modes used to study hydrogen bonding at interfaces. Figure 2a shows the VSF spectra of water measured at the CCl 4 /H 2 O interface. The data are taken in a TIR optical geometry using the 3.5-ns neodymium: yttrium/aluminum/garnet-pumped laser system described above (LF Scatena & GL Richmond, submitted manuscript). Because the two experiments used different laser systems, peak positions in this spectrum and that for the vapor-water interface shown in Figure 1 can be compared, but only qualitative comparisons with peak intensities are appropriate. The most obvious difference between the two spectra is the remarkable shift in overall intensity to higher energies for CCl 4 /H 2 O, which is indicative of significantly weaker hydrogen bonding at this liquid-liquid interface. This observation is consistent with a much lower interfacial tension relative to air-water (71 mN m −2 ). These VSF results for CCl 4 /H 2 O are a refinement on earlier work for water at this interface (75) in which the dangling bond OH mode (free OH) could not be probed because of laser limitations. These later results were obtained in a special cell designed to minimize solvent volume.
The weaker nature of the hydrogen bonding at this interface has facilitated assignment of spectral features in the CCl 4 /H 2 O spectrum. The free-OH mode for water is clearly apparent at the CCl 4 /H 2 O interface, but its energy is red shifted (3662 ± 1 cm −1 ) relative to the vapor-water interface (3702 cm −1 ) (55-57). From studies of HOD monomers in CCl 4 , LF Scatena & GL Richmond (submitted manuscript) have determined that this red shift is the result of an attractive interaction between the dangling OH bond and the surrounding CCl 4 molecules. The binding energy for the H 2 O-CCl 4 complex is reported to be −1.4 kcal mol −1 (76, 77) . (This mode is therefore referred to as the dangling bond mode because it is not as free as in the vapor phase.) The results are consistent with previous simulations of this interface that suggest a locally sharp transition between phases (13, 21) . VSF studies of HOD at this interface provide further assignments. In addition to the OH dangling bond and OD dangling bond of HOD at the interface (measured at 3664 cm −1 and 2712 cm
, respectively), a broader peak is observed near 3450 cm −1 that is attributed to the donor OH mode of the water molecules that straddle the interface. Because intensity is detected with I SSP polarization, this H-bonded mode, which is largely uncoupled from the OH dangling-bond mode Figure 2 (a) Vibrational sum frequency spectrum of the CCl 4 /H 2 O interface using the 1-ns laser system described in the text (LF Scatena & GL Richmond, submitted manuscript). The spectra were collected in a total internal reflection geometry with SSP polarization used. This spectrum was achieved without the trace impurities that were apparent in the previously published spectra (75) . (b) Spectral analysis of the CCl 4 /H 2 O interface using the procedures outlined in the text. The upper curve shows the spectral fit; the lower curves show contributions from each of the vibrational modes. The gray peaks have a phase opposite to that of the black peaks, as determined from fits to the data using Voigt profiles. Published with permission from Reference 57.
in the molecule, does not lie exactly in-the-plane of the interface but has some perpendicular component. The remaining portion of the H 2 O spectrum of Figure 2a between 3450 and 3700 cm −1 is attributed to weakly interacting water molecules in the interfacial region, such as water monomers (LF Scatena & GL Richmond, submitted manuscript). The OH stretch of water monomers in bulk CCl 4 shows two characteristic IR peaks, one associated with the symmetric OH stretch (SS or ν 1 ) of water monomers (3616 cm −1 ) and the other (3708 cm −1 ) associated with the asymmetric OH stretch (AS or ν 3 ). These two peaks energetically bracket the dangling bond stretch mode in the VSF spectrum. Careful analysis (described below) of the data shows that both modes are present in the VSF spectrum, the SS and the AS of water monomers respectively, which constructively and destructively interfere with the neighboring dangling OH bond mode (57).
Overall, the results suggest that, unlike the air-water interface, the hydrogen bonding at the CCl 4 /H 2 O interface is very weak. Intensity is observed in the strongly hydrogen-bonded region (3200-3400 cm −1 ), but overall the spectra are dominated by water species that have only weak interactions with other water molecules and CCl 4 molecules. This is the first spectroscopic evidence for the existence of water molecules at an oil-water interface that have the spectroscopic characteristics of water monomers in the organic phase.
Vibrational Sum Frequency Spectral Analysis of Interfacial H 2 O
Obtaining spectral fits to VSF water spectra is difficult because of the wide range of contributing vibrational modes, the breadth of the spectral peaks for hydrogenbonded water molecules, and the complex interference effects that can arise between adjacent vibrational modes. Because VSFS is a coherent nonlinear spectroscopic technique, each resonant vibrational mode has an inherent phase for a fixed orientation. Resonant modes that change phase with the orientation of the molecule may interfere constructively or destructively when overlapped in frequency. The most detailed analysis to date for water spectra has recently appeared (57). This analysis has been applied to the water-vapor and the CCl 4 /H 2 O data described above. The work considers a range of water species present at a water surface and the possible interference between these contributing modes, and it takes into account the phase of the SF response from contributing vibrational modes. This phase is useful in obtaining an average orientation of molecules at the surface by relating the macroscopic second-order susceptibility, χ (2) , of the system to the molecular hyperpolarizabilities, β v , of the individual molecules at the interface (78, 79) . The molecular hyperpolarizability is often described as
where l, m, and n represent the molecular inertial axes (a, b, and c); µ n and α lm represent the dipole and Raman vibrational transition moments, respectively; and a Lorentzian distribution of resonant transition energies is assumed (80) . The measured macroscopic property χ (2) , is a sum of the molecular hyperpolarizability over all of the molecules at the interface, taking into account the orientation of the different molecular species. To obtain information on the orientation of the molecules, the observed Cartesian components of the macroscopic second-order susceptibility χ (2) IJK,ν must be derived from the corresponding spectroscopically active components of the molecular hyperpolarizability β lmn through an Euler angle rotation of the molecular axis system into the laboratory axis system. Hirose et al (78, 79) derived a general expression for the transformation from a molecular fixed-axis system to a laboratory fixed-axis system as
5.
The indices I, J, and K are replaced by the laboratory frame coordinates X, Y, and Z, respectively, observed in a specific experiment. The indices l, m, and n run through the molecular coordinates a, b, and c. The orientation of the molecular axis system in the laboratory frame is defined by the transformation tensor, µ IJK:lmn through the Euler angles (θ, φ, and χ). If the signs of β lmn,ν and χ
IJK,ν are known, the average orientation of the molecules can be constrained by analyzing how the sign of the transformation tensor changes with respect to the angles θ , φ, and χ. The signs of the χ (2) IJK,ν terms in Equation 5 are known through a comprehensive fit of the observed SF spectra to Equations 2 and 3, and the signs of the β lmn,ν components are known through ab initio calculations (81) .
In many respects, the CCl 4 /H 2 O spectrum is a good test of the analysis, given the weakly interacting nature of the observed water molecules and hence the narrow bandwidths. For example, under I SSP polarization, the SS and AS of monomeric H 2 O would be expected to have opposite sign conventions (plus and minus, respectively), meaning that they are nearly 180
• out of phase (57). Given that the OH dangling bond (plus sign convention) has a significant contribution perpendicular to the interface, if the water monomers are oriented with their dipoles in the same direction as the dangling bond, the SS(+) and AS(−) modes should interfere constructively and destructively, respectively, with the dangling bond mode. This is verified by fitting the data with the appropriate phase relationships using Voigt profiles (Figure 2b ). Brown et al conclude from the fits and the derived sign of the phases that the SS and AS observed intensities represent water monomers at the interface that have a net orientation with their hydrogen atoms pointed into the CCl 4 . The peak energies and widths determined from the fits agree well with Fourier transform IR data of water monomers in bulk water. Spectral fits place the AS and SS of these monomer and monomer-like waters with their hydrogen atoms oriented into the CCl 4 phase at 3616 ± 2 cm −1 and 3706 ± 2 cm 
EFFECT OF SURFACTANT ADSORPTION
Characterizing the interaction between water and a charged surfactant is important for understanding surfactant behavior in commercial soaps and detergents. However, it also is relevant to our understanding of many biological processes, including the folding of proteins where water interacts with charged groups on a hydrocarbon backbone. The series of studies described below focused on understanding how the hydrogen bonding of water is altered in the presence of increasing concentrations of simple charged alkyl surfactants. These studies were conducted at both the CCl 4 /H 2 O and air-water interfaces.
The hydrogen bonding of water is highly sensitive to the presence of charged surfactants, with changes occurring in the water spectrum at trace concentrations in the aqueous phase (LF Scatena & GL Richmond, manuscript in preparation). Figure 3 demonstrates this effect for the CCl 4 /H 2 O interface. When sodium dodecyl sulfate (SDS) is added in nanomolar concentrations to the aqueous phase, the trace SDS that adsorbs at the interface causes a dramatic change in the water spectrum that continues as the interfacial concentration increases to a monolayer, as seen by a comparison of Figure 2a with Figure 3a . As small amounts of SDS adsorb at the interface, the spectrum shows a strengthening in the hydrogen bonds between water molecules. The dangling OH bond essentially disappears as interfacial concentrations increase toward fractions of a monolayer. Further detailed studies of this effect at low concentrations in the nanomolar range will appear in a later publication. At higher concentrations, there is a multifold enhancement in the OH intensity, as shown by the difference in intensities displayed in Figure 3b .
The effect on the water spectrum of adding surfactants at aqueous-phase concentrations in the >10 −4 M range has been the focus of studies from this laboratory (82) (83) (84) . In the absence of a charged surfactant or a mixture of anionic and cationic surfactants at the interface, this enhancement is not present. Figure 4 demonstrates this effect for SDS, dimethylammonium chloride (DAC), and a mixture of the two compounds at the air-water interface. The data were taken with SSP polarization that samples water dipoles oriented perpendicular to the interface. As shown, increased intensity is observed in the OH stretch region, which corresponds to strong hydrogen-bonding modes in the 3100-3500 cm −1 region of the water spectrum. For both interfaces, this intensity increases with added interfacial surfactant concentration, with a leveling off in the intensity that occurs well before monolayer formation (84) . Figure 5 demonstrates this effect for a series of increasing concentrations of SDS at the CCl 4 /H 2 O interface. In these studies, the free OH mode was not studied owing to limited wavelength capabilities in the 3600 cm −1 region. A series of detailed studies has been conducted to identify the factors that contribute to the enhanced VSF signal from water in the presence of charged surfactants (71, 84-86). Two factors have been considered. The simplest is the increased orientation of water molecules perpendicular to the interface that is caused by the large electrostatic field, E 0 , created by the surfactant and its counterion. A significant surface charge exists at an interface where charged surfactant is adsorbed; this charge produces the large electrostatic field. An additional contribution to the SF polarization arises from a third-order polarization in Equation 6 , which contains the electrostatic field dependence of the nonlinear polarization induced at the interface. In the absence of a large electrostatic field, the interfacial water molecules are randomly oriented after a few water layers and thus do not contribute to the nonlinear polarization. The presence of a large electrostatic field aligns the interfacial water molecules beyond the first few water layers and thus removes the centrosymmetry in this region, allowing more water molecules to contribute to the nonlinear polarization. The depth of the asymmetric region is on the order of the Debye length or 3 nm at an ionic strength of 10 mM, and 10 nm at an ionic strength of 1.0 mM. This depth corresponds to ∼10-30 water layers, respectively (84) . As a consequence, the second factor in the observed enhancement in the OH-stretching region is the increased number of water molecules that are sampled, owing to the contribution from the χ (3) term in Equation 6. To confirm this enhancement, studies comparing the VSF response with the interfacial potential have been conducted at a series of surfactant concentrations and ionic strengths (84) . Assuming that χ (3) is constant over the interfacial region, the interfacial potential can be shown to have a linear relationship with P sfg . Using the Gouy-Chapman model (87, 88) , interfacial potential can be expressed as a function of surface charge density and ionic strength as
where σ is the surface charge density, z is the sign of the charged surfactant molecule, and I is the ionic strength of the bulk solution. The concentration and ionic strength studies confirm that a significant portion of the observed enhancement in the OH-stretching region is caused by the increased volume of water molecules, which gives rise to the VSF response (84) . However, the lack of linearity between P sfg and the surface potential for both interfaces suggests that orientation also contributes to the enhancement, that is, that there is alignment in the interfacial water molecules that accompanies the interfacial electrostatic field produced by the charged surfactant. As in the neat water interfacial studies described above, interference between adjacent modes assists in determining the orientation of the water molecules at these charged interfaces. Analysis of the interference between the CH stretch modes and the water bands indicates that for cationic surfactants the water dipoles are oriented with their hydrogen atoms pointed toward the bulk aqueous solution. For anionic surfactants, water molecules are oriented with their oxygen atoms pointed toward the bulk aqueous solution (89) .
STUDIES OF ENVIRONMENTALLY RELEVANT AQUEOUS-PHASE-AIR INTERFACES
The chemistry that occurs in the atmosphere involves both homogeneous and heterogeneous processes. Atmospherically important reactions have been studied extensively in the gas phase, but few published studies have examined in molecular detail the adsorption, molecular properties, and reactivity of atmospherically relevant molecules at water surfaces. Several studies dealing with organosulfur adsorbates on water surfaces have recently appeared, specifically studies of dimethyl sulfoxide (DMSO) and methane sulfonic acid (MSA) (56, 68, 90) . Both molecules are present as trace constituents in the atmosphere and, although water soluble, have significant surface activities. DMSO has been proposed as a heterogeneous precursor to atmospheric condensed-phase MSA through an atmospheric cycle originating with dimethyl sulfide, a phytoplankton degradation product (91) (92) (93) . Aerosol particles containing MSA are thought to contribute to the class of aerosols that effectively scatters radiation out of the atmosphere (92, 94) . The molecular structure and orientation of DMSO have been examined in two studies, one of which looked at how the molecule changes as a function of surface concentration (90) and a second that examined the DMSO-water interaction at vapor-water interfaces. For neat DMSO studies, the methyl transition dipole moment is oriented a maximum of 55
• from the surface normal on average (90) . Aqueous solutions of DMSO show that this molecule partitions to the surface. With decreasing DMSO concentration in an aqueous phase, observed VSF spectral shifts in the methylstretch mode have been attributed to increased electronic interactions between sulfur and the methyl groups of DMSO. Evidence is provided for clustering of DMSO molecules at the surface at higher interfacial concentrations. The second study of DMSO was conducted with improved spectral resolution and VSF detection to allow a more detailed analysis of the VSF spectrum of DMSO at the water surface, particularly interference between the methyl SS and AS modes, and the OH stretch modes of water in this region (68) . With increased DMSO adsorption, a decrease in the intensity of the OH stretch mode of highly coordinated water molecules is observed. Allen et al attributed this effect to the strength of the hydrogen bonds that DMSO forms with water, which are stronger than those between water molecules and thus effectively disrupt the long-range order of the hydrogen-bonding network. MSA also partitions at the surface and has a preferred orientation in which the MSA methyl group points away from the liquid surface (56) . The surrounding surface water structure is significantly affected by the adsorption of MSA, with small amounts of MSA found to enhance the intermolecular hydrogen bonding between interfacial water molecules. Studies with mixtures of water and sulfuric acid show that MSA is effectively displaced by sulfuric acid at an aqueous surface (56) . Other VSF studies have examined the water structure in the presence of different acids, including sulfuric and nitric acid (65, (95) (96) (97) . The VSF of surface water containing a series of salts has also been examined and shows how the surface is perturbed by the presence of these species in the bulk and surface phase (67) .
SURFACTANT STUDIES AT LIQUID SURFACES
Interest in the adsorption of surfactants at liquid surfaces stems from the wide application of surfactants in commercial products. Although most surfactants are still used for conventional cleaning and hygiene purposes, they are also widely used as stabilizing foams and emulsions in food processing and in beverages, in the stabilization of particulate dispersions, and in the secondary recovery of oil from porous rock beds (98, 99) . All of these uses depend on the amphiphilic character of the molecule-part nonpolar hydrophobic hydrocarbon and part polar hydrophilic moiety.
Monolayers of surfactants assembled at solid surfaces have been extensively studied during the last decade. What has been learned from these studies is that the assembly and ordering of these surfactant monolayers are affected by van der Waals interactions between the alkyl chains of adjacent surfactants. For liquid surfaces where the surfactants are not covalently bound to the surface and the interface is more dynamic, head group-head group and head group-solvent interactions have the potential to play a significant if not more important role than that played by chain-chain interactions in the assembly process. In the presence of a solvent that can penetrate between the alkyl chains of the surfactants, such as for liquid-liquid interfaces, the picture is often even more complicated. This section describes the results of a number of studies of surfactant structure and conformation that were conducted at both the air-water and liquid-liquid interfaces. This summary is not intended to be comprehensive but merely provides an overview of the types of studies conducted thus far with VSFS. An example that demonstrates the difference in the assembly of surfactants at these two interfaces is highlighted.
VSF studies of surfactants have largely examined the CH stretch modes of the alkyl chains of various surfactants as a means of determining conformational ordering. Conformational ordering is qualitatively monitored by measuring the ratio of peak areas for the methyl SS and methylene SS modes in the VSF spectra (38) . Under SSP polarization, chains that are relatively ordered and have few gauche defects should show little if any signal from the methylene CH stretch modes, owing to the symmetry of the molecule. In contrast, gauche defects owing to conformational disordering cause the VSF intensity of the methylene modes to increase as local symmetry constraints are relaxed. The terminal methyl group, which possesses both IR-and Raman-active vibrational modes, is by nature in a noncentrosymmetric environment and is further used in polarization experiments to determine the tilt angle of the hydrocarbon chain in these systems (100) .
Surfactants at the Air-Water Interface
Some of the first VSF studies of surfactants measured at the air-water interface involved pentadecanoic acid (100) . By monitoring the CH stretch region of the alkyl chains, it was found that, in the condensed phase, the alkyl chains extend and orient nearly normal to the surface. In the liquid expanded phase, the chains are highly disordered (100, 101) . In a later related study, a carboxylic acid film of hexacosanaoic acid was studied at the air-water interface (102) . The CH modes of the alkyl chains, the CO stretch in the head group, and the OH stretches of surface water have been monitored as a function of pH. The alkyl chains remained conformationally ordered at all pH values. At low pH values, at which the monolayer is neutral, the surface water is disordered by hydrogen bonding of water molecules with acid head groups. At high pH values, at which the head groups are ionized, the resulting surface fields lead to a more ordered hydrogen-bonding network.
Bell et al (103) have investigated the structure of monolayers of cationic surfactant, hexadecyltrimethylammonium p-tosylate, at the surface of water. They find that the p-tosylate ions are oriented with their methyl groups pointing away from the aqueous subphase and with the C 2 axis tilted an average of 30 to 40
• from the surface normal. The vibrational spectrum of the cationic surfactant indicates that the number of gauche defects in the monolayer does not change dramatically when the counterion is changed from p-tosylate to bromide. However, the ends of the surfactant's hydrocarbon chains are tilted much farther from the surface normal in the presence of p-tosylate than in the presence of bromide. Alkyl cationic surfactant (tetradecyl-trimethylammonium) with an aromatic anionic counterion (benzoate) has also been examined by Ward et al (104) . Other studies of the effect of different halide counterions on monolayers of cationic surfactants at the air-water interface found no evidence for specific effects on the structure of the surfactant monolayers (105) .
A series of soluble surfactants has also been examined and compared at the air-water interface by Bell et al (106) . Bell et al find that, in general, the number of gauche conformations increases as the area per chain increases. Comparison of surfactants with the same chain length and area per molecule shows that the structure of the chain region of the monolayer is sensitive to the nature of the head group and not just to the packing density.
Monolayers of nonionic surfactants poly(ethylene glycol) monodecyl ethers (C 12 E m ; m = 2-8) have been examined at the air-water interface (107) . The results show an increase in conformational disorder with increasing area per molecule and an apparent decrease in the angle of tilt of the methyl group. The study also suggests that the value of m does not affect the structure of the monolayer for m = 4-8. In another study of uncharged surfactants, Zhang et al (108) have examined the adsorption of long-chain amphiphiles containing the nitrile (CN) head group. These air-water studies monitored the spectroscopy of the CN stretch modes and the CD stretch modes of the terminal CD 3 moiety on the alkyl chains of these Langmuir monolayers. The results indicate that the orientations of the head group and terminal methyl group vary in a markedly different manner with amphiphile surface density. For the CN head group, Zhang et al observe a sharp change in the orientation angle of that group, with surface density at the density corresponding to a phase transition from the gas-liquid coexistence region to the liquid region. This change is discussed in terms of the difference in solvating water environment during the phase transition. The orientation of the tail is quite sensitive to the monolayer density, with the tail continuously becoming more upright upon compression.
Mixed monolayers of SDS and dodecanol at the air-water interface have been studied by Casson & Bain (109) . They find that when a trace of dodecanol is introduced into a millimolar solution of SDS, the monolayer is transformed from a loosely packed structure to a densely packed structure like that of a pure dodecanol monolayer. Temperature-dependent studies suggest that this mixed monolayer undergoes a phase transition at 16
• C, with a decrease in packing and an increase in conformational disorder. This behavior is analogous to that observed in a pure dodecanol monolayer. From these results Casson & Bain conclude that previously reported phase transitions for SDS at the air-water interface are probably a result of the presence of trace amounts of dodecanol in the SDS. Later studies provide evidence for a liquid-gas phase transition in monolayers of dodecanol adsorbed at the air-water interface (110).
Stanners et al (111) have examined the adsorption at the air-water interface of a series of alcohols from C 1 to C 8 in the CH and OH stretch regions. They find that the alkyl chains point away from the liquid for all alcohols studied. For C 6 -C 8 , the spectra show the presence of trans-gauche defects in the alkyl chain. The shift of spectra to lower frequency in the OH stretch region that was found for all alcohols indicates a well-ordered hydrogen-bonding network at the interface. Longer-chain alcohols have been pursued in other studies (112, 113) .
Surfactants at Liquid-Liquid Interfaces
Surfactants studied at a liquid-liquid interface pose a challenge owing to the buried nature of the interface. Both the IR and visible beams must transmit through one of the solvents, but the number of solvents that are transparent in the spectral region of the surfactant vibrational modes is few. Even the weak IR absorbance caused by a thin layer of solvent can greatly diminish the incident IR beam. The most common organic solvent that has minimal absorption in the IR and is also insoluble in water is CCl 4 . Therefore, all of the studies thus far of surfactants at liquid-liquid interfaces have been conducted at the CCl 4 -water interface.
The first experiments in this area demonstrated the feasibility of using VSFS to measure the spectroscopy of charged alkyl surfactants at a liquid-liquid interface with a TIR geometry. D 2 O has been used as the aqueous phase to minimize OH interference in these experiments. The studies demonstrate the ability to use TIR VSFS to measure interfacial concentrations of SDS below 0.01 monolayers. The studies have monitored the CH stretch modes of this surfactant and have shown that, whereas there is increased conformational ordering with interfacial concentration, the surfactants show significant gauche defects in the alkyl chains even at the highest concentrations. This result is attributed to interactions with the solvent that disrupt the van der Waals interactions between adjacent alkyl chains (38, 114) . Polarization studies indicate that the terminal methyl group on the alkyl chain is oriented, on average, along the surface normal. Deuteration studies have been conducted to confirm the assignment of several CH vibrational modes. Later related studies examined a series of cationic and anionic surfactants of similar chain length, SDS, sodium dodecyl sulfonate (DDS), dodecyltrimethylammonium chloride (DTAC), and DAC, to understand how the different head groups alter the molecular conformation of the alkyl chains (70, 115) . Figure 6 shows examples of the spectra of these molecules measured at the CCl 4 /H 2 O interface using SSP (see Figures 6a, c, e, g ) and SPS (see Figures 6b, d, f, h ordering of the chains, which is attributed to a reduction in head group repulsion at the interface. Studies of sulfonate-containing surfactants of different chain lengths find that the degree of disorder varies greatly with chain length for the surfactants at the CCl 4 /D 2 O interface (116) . The shortest alkyl chain, C 6 , displays the fewest gauche defects, and the longest chains, C 11 and C 12 , show the most disorder. No preference in ordering like that often found for monolayers on solid surfaces is observed between even and odd chain surfactants.
Comparative Studies at Both Liquid-Liquid and Liquid-Air Interfaces
One of the more interesting studies that demonstrates the differences and similarities in how surfactants adsorb, orient, and order themselves at a liquid-liquid versus an air-water interface has been conducted with alkyl and aryl sulfonate surfactants by Watry & Richmond (117) . Linear alkane sulfonate surfactants and linear alkylbenzenesulfonates (LABS) make up a large fraction of the surfactants used in commercial detergents and cleansers, with LABS being one of the most widely used. The two surfactants studied by Watry & Richmond were DDS and sodium dodecylbenzenesulfonate (DBS). Figure 7 shows a spectrum of DBS measured at the CCl 4 /H 2 O interface (Figure 7a ) and the air-water interface (Figure 7b ), both with SSP polarizations. Because the two experiments were conducted with different laser systems, peak positions can be compared but not absolute intensities. The CH stretch modes of the alkyl chains are clearly observed, as are the expected modes ν 7b and ν 2 of the aromatic ring. Polarization studies have been used to monitor how the orientation of the benzene ring in DBS changes with interfacial concentration. Figure 8 shows a plot of the ν 2 intensity as a function of surface concentration for DBS at the air-water interface (Figure 8a ) and the CCl 4 /D 2 O interface (Figure 8b ). The liquid-liquid interface shows a monotonic increase in intensity with surface concentration. The benzene rings orient perpendicularly to the interface, and this orientation is not affected by changes in interfacial concentration even at surface concentrations up to a monolayer. This is in stark contrast to the effects observed at the air-water interface (Figure 8a) . A sharp increase in intensity is observed as monolayer coverage is approached, which suggests that the increased interaction between the benzene rings as the surface concentration increases causes a change of orientation from a more planar to a perpendicular orientation relative to the surface plane. The different behaviors of the aryl group at the two interfaces are attributed to different interfacial potentials and the presence of polarizable CCl 4 , which causes the benzene rings to continue their initial orientation at the liquid-liquid interface but to change in orientation at the air-water interface once crowding and increased benzene-benzene interactions occur.
The alkyl chain conformation for these two molecules at the different interfaces has also been compared. For DDS, the alkyl chains increase in conformational ordering as the interfacial concentration is increased at both interfaces. For DBS, a high degree of gauche defects is apparent in the chains at all concentrations at both interfaces. At the air-water interface, the benzene reorientation of DBS appears to have minimal effect on alkyl chain ordering. A key to understanding these differences comes from measurements of the limiting surface area per molecule. These studies measure nearly identical surface head group areas for DDS and DBS at monolayer coverages (∼60 A 2 molecule −1 ) even though the geometric head group of DBS is much larger than DDS. This suggests that DBS surfactants exist in a staggered head group geometry, a picture that is consistent with the disruption by the benzene rings of chain-chain interactions for the first few methylene groups adjacent to the benzene ring for DBS. There is no evidence that increased surface concentration and subsequent packing of alkyl chains can overcome this disruption.
BIOLOGICALLY RELEVANT SYSTEMS
Phospholipid Assembly
Phosphatidylcholines (PCs) are amphiphilic molecules possessing two long acyl chains connected to a zwitterionic head group by means of a three-carbon glycero backbone. These phospholipids are a major component of most cell membranes and, consequently, have been the subject of intense scientific scrutiny over the past three decades. Cell membranes generally consist of a lipid bilayer structure, and PC monolayers have served as simple model membranes (118) . VSFS studies of PC monolayers adsorbed at the CCl 4 /D 2 O interface and the air-water interface have been conducted to ascertain how the molecular structure of the monolayer depends on such variables as acyl chain length, surface concentration, temperature, and, by inference, the degree of chain solvation by the organic solvent (119) . Some examples of these studies are given below. The first measurements of the vibrational spectroscopy of PCs at a liquid surface have been conducted with dialkylphosphocholines ( Figure 9 ) (120). The four PCs examined included dilauroyl-PC (DLPC), dimyristoyl-PC (DMPC), dipalmitoyl-PC (DPPC) and distearoyl-PC (DSPC), with acyl chain units of C 12 , C 14 , C 16 , and C 18 , respectively. The CH stretch modes were used to determine conformational ordering of the chains in a manner similar to the surfactant studies described above. Figure 10 shows the spectra of the four PCs examined at the CCl 4 /D 2 O interface under SSP polarization. Conformational ordering of the chains has been determined by the ratio of areas under the d + (methylene symmetric stretch mode) and r + (methyl symmetric stretch mode). In the first set of studies of these PCs at the liquid-liquid interface it was found through temperature-controlled experiments that the lipid bilayer gel to liquid crystalline phase transition temperature plays a pivotal role in determining the interfacial coverage and subsequent alkyl chain structure. This and other aspects of PC adsorption have been studied in further detail by Walker et al (73) . In these liquid-liquid studies, polarization experiments showed that the acyl chains do not exhibit long-range order. Acyl chains within a tightly packed monolayer are found to stand up with their methyl C 3 axes aligned perpendicular to the interface. Temperature studies of the monolayer order suggest that a barrier exists to organic solvent penetration of the acyl chain network of a tightly packed, adsorbed monolayer. At the liquid-liquid interface, it is found that shorter-chain PC species form monolayers that are more ordered than those of longer-chain species, although the dependence of monolayer order on acyl chain length is small. When identical studies are conducted at the air-water interface, the opposite trend is observed. That is, the longer-chain PCs form monolayers that are dramatically more ordered than those of their shorter-chain counterparts. This difference can be seen in Figure 11 , where ratios of r + /d + for the PCs at the different interfaces are compared. This disparity provides evidence for acyl chain solvation by the organic CCl 4 solvent.
A study by Smiley & Richmond (121) has examined alkyl chain ordering of asymmetric PCs adsorbed at the CCl 4 /D 2 O interface. The large majority of biological phospholipids contain two dissimilar hydrocarbon chains per molecule. The two chains may differ in length and degree of unsaturation in such a way that a highly complex mixture of phospholipid structures is present in a particular bilayer membrane, allowing other structural elements to be accommodated without disruption Figure 10 Vibrational sum frequency spectra of tightly packed monolayers composed of dilauroyl-phosphocholine (DLPC), dimyristoyl-phosphocholine (DMPC), dipalmitoyl-phosphatidylcholine (DPPC), and distearoyl-phosphatidylcholine (DSPC) at the water-CCl 4 interface. Ratios of the methylene SS intensity/methy SS intensity (r + /d + ) appear underneath the PC acronyms. Spectral features were fit to Voigt profiles. Reproduced with permission from Reference 73. of bilayer integrity (122) . Smiley & Richmond have used a somewhat different preparation procedure than that used by Walker et al (73) , owing to the insolubility of several of the PCs in water. These studies of a series of saturated symmetric and asymmetric chain PCs find that both symmetric PCs with 16 or fewer carbons per acyl chain and highly asymmetric PCs produce relatively disordered films at the liquid-liquid interfaces. The longest PCs studied, C 18 /C 18 , C 18 /C 16 , and C 16 /C 18 , form well-ordered monolayers at room temperatures. The highly disordered nature of the chains for the highly asymmetric PCs is consistent with a picture of reduced chain-chain interactions among mismatched portions of the longer chains. The greater disorder seen in the shorter-chain PCs, irrespective of chain mismatch, is attributed to reduced chain-chain interactions over a smaller chain length. This study has been further expanded to longer-chain PCs, up to C 22 (123) . The results show a strong increase in relative ordering for the longer-chain PCs, including those with an odd number of carbons per chain. The chain ordering of selected mixtures of adsorbed PCs is seen to be composition dependent, indicative of natural structural variances present in the large variety of functional biological membrane assemblies suited to a multitude of modes.
CONCLUSIONS
Obtaining a molecular level picture of liquid surfaces is a challenging area of surface science. From an experimental perspective, it is an exciting time to be delving into issues of this nature because of the emergence of many new experimental techniques that measure properties in the molecular domain. VSFS will clearly play an important role in this field as has already been demonstrated over the past decade. This summary has provided an overview of many of the studies of liquid surfaces by VSFS that have been conducted since the first results were reported in the mid-1980s. The examples described include measurements of the molecular interactions between water molecules at the vapor-water and organicmatter-water interfaces, the effect of adsorbed species on water structure and hydrogen bonding, and studies of the conformation and assembly of surfactants, macromolecules, biomolecules, and atmospherically relevant molecules at these interfaces.
There are numerous opportunities and challenges for this technique in the future. Studies are beginning to emerge that go beyond the traditionally probed 3-µm region to longer wavelengths at which a variety of additional modes can be measured. Extension to these longer-wavelength regions will require continued development of IR generation methods and pulsed lasers. As other modes become spectroscopically accessible, challenges will arise in spectral interpretation owing to the coherent nature of the VSF response, similar to the challenges demonstrated in this review for water spectra. Close coupling of the knowledge base derived from IR and Raman molecular spectroscopy with nonlinear optical principles will be important in interpretation of the spectral data to derive meaningful and rigorous interpretation of the observed spectral response. VSF studies of simple systems will be very valuable as the field moves toward understanding of the structure of more complex biological and polymeric systems. Time-resolved measurements that take advantage of the short pulsed nature of the lasers used in VSFS offer additional exciting opportunities.
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